Abstract: Scanning electron micrographs of long fiber reinforced thermoplastic composites were analyzed using an image processing system. The main objective of this study was to determine the alignment process which takes place during thermoforming of Long Discontinouos Fiber Composties (LDF™). The planar orientation factor and the standard deviation of the fiber cross section area were determined. Thus, an alignment process could be stated. In addition, the fiber volume fraction was calculated.
Introduction and Objectives
Measurements of fiber alignment aided by image processing are commonly performed for short-fiber reinforced composites. Thus, a broad variety of publications dealing with 2-D and 3-D orientation of short fibers have been published [1 -4] . However, publications in the field of image processing of long-fiber reinforced composite structures are seldomly seen. One reason for this is the missing need of orientation parameters for long-fiber reinforced composites consisting of highly aligned fibers. The other reason is that image analysis of such materials with high fiber volume content is more difficult than that of short fiber reinforced materials.
In this paper, measurements of fiber orientation and fiber volume content are described for a material consisting of long, but discontinuous fibers with very good alignment in a PEKKmatrix. In contrast to conventional continuous fibers, these discontinuous fibers have a slight misalignment which had to be determined. It is also of interest how this misalignment will be changed during a thermoforming process. In addition, image processing can facilitate and accelerate the measurement of the fiber volume content. Also here, the high fiber content hampers its accurate determination.
In order to apply image processing techniques, two objectives had to be solved:
• Development of a method for image analysis of pictures with high fiber volume content
• Evaluation of the image information

Description of Equipment
For image processing, a commercially available program named SEMPER6P was used, which apart from an extremely user friendly operating level also uses an image processing language for programming of desired routines. The program, and the accompanying image processing card which has a 512 x 512 x 8 bit resolution, are both installed on an 80486-66MHz IBM-compatible personal computer. The card has an RS-170 standard video input which accepts conventional video signals. The software permits the image acquisition by a number of different techniques, for example, the integration of multiple images. Once the image is acquired, filters can be employed to increase the signal/noise-ratio. Finally, after the image is intensity thresholded from the background, particles that exceed a certain threshold in size are evaluated in terms of area, perimeter, length, width, and angle to horizontal. The data generated are plotted out in a file for post-processing with an in-house written program named ORIENT.
It was necessary to use high microscopic magnification for these investigations, in order (a) to be able to distinguish between single fibers, and (b) to avoid calculation errors due to discretization when the image is digitized into pixels of a distinct size. Obviously, the smaller the pixels are the more accurate is the evaluation. Due to physical limitations of optical microscopes, the necessary magnification of 2500 X can only be achieved by scanning electron microscopy, in this case the use of a Jeol 6400. This device is capable of transmitting a video signal to the image processing system. The setup is shown schematically in 
Thermoforming
In order to avoid buckling problems while having acceptable processing times for thermoforming, a Long Discontinuous Fiber (LDfTM) composite material was recently developed by DuPont. It consists of aligned carbon fibers with an average length of 5 em in a PEKK thermoplastic matrix, with a fiber volume fraction of 58%. Concerns about the strength and stiffness properties of undeformed LDfTM-material can be neglected due to the long fiber length and the nearly perfect alignment of the fibers [5] . The thermoforming was carried out in a setup consisting of a tensile testing machine, to apply the tensile force (F), and a laboratory hot press for heating up the sample to a certain temperature (T), under a pressure (p). The principle of this thermoforming process is schematically displayed in Fig. 2 . Unidirectional [OOh6 LDFM-samples having a thickness of 2 mm, a length of 412 mm and a width of 27 mm were heated up to 370°C at a rate of 25°C/min. Once the desired temperature level was reached, the samples were deformed (without pressure from the hot press) uo to an elongation of 3%. A post-compression of about 6 MPa was then applied for consolidation purposes. During room temperature tensile tests of undeformed and deformed materials, it was observed that the deformed samples reached higher strength values. 
Image Processing
Microcuts were performed on the thermoformed specimens at an angle ' Y of 45°. This angle was specially chosen because it allows an unmistakable determination of the angle between the main axis of the ellipse and a reference axis. The analysis of such an image provides area, length, width, and the angle a to the x-axis for each particle. However, only 8 to 12 fiber cross sections per picture could be analyzed simultaneously (Fig. 3 ).
Figure 3: Cross Section Prepared for Image Analysis
Thus, the specimens were first "scanned" with the scanning electron microscope. The images from the SEM were fed directly into the image acquisition unit. There, they were quantified with respect to fiber cross section area, length, width, and angle data, which were finally output to a data file. The data file with approximately 250 entries was analyzed using the previously mentioned in-house software-program "ORIENT". This allows the calculation of the planar orientation factor f p based on the angle values [1] :
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This factor is not an absolute measure for the alignment of fibers but it can prove, that relative changes in orientation take place during thermoforming. However, at least two parameters are necessary to describe sufficiently a spatial orientation. The spatial angle of the fiber leads to the calculation of a spatial orientation matrix including absolute orientation factors [4] , which is not very useful in this case due to the cutting angle of 45 0. A second parameter for describing the spatial alignment is the standard deviation of the areas of the fiber cross sections. It is obvious that a higher alignment leads to fiber cross sections with similar sizes. Thus, the criteria for higher alignment are:
• An increase in the planar orientation factor f p • A decrease in the standard deviation of the areas of cross sections
In this case, the planar orientation factor f p increased for 3% plastic deformation (compared to 0% deformation) from 0.978 to 0.994 while the standard deviation related to the mean area decreased from 12% to 10.61% (Pig. 4). However, when taking into account slight inaccuracies which are often encountered with such a measurement, a perfect alignment of 100 % can never be reached. Thus, the planar orientation factor will not increase further for elongations higher than 3%, as seen for a deformation of 5%.
- The fiber volume fraction can also be calculated from this data file based on the ratio between the number of pixels in a cross section to the total number of pixels:
where n is the number of analyzed images and 512 by 512 is the size of the processed pixel matrix. It is mandatory to use 10 to 20 different images for this calculation to fullfill statistical requirements. Note also, that this calculation is independent of the cutting angle. The calculation for the examined material resulted in a fiber volume fraction <l>p of 58% which is very close to the supplier information of 59%.
Conclusions
The planar orientation factor and the standard deviation of the areas of fiber cross sections can be applied for the determination of changes in the fiber alignment of long fiber reinforced composites. The high resolution requirements of about 2500 X for the image can be achieved by using a scanning electron microscope directly connected to an image processing system. The digitizing procedure and subsequent analysis provide a sufficient large data base for this evaluation also allowing the determination of the fiber volume fraction.
